Abstract: Thermodynamic methods to predict true yield and stoichiometry of bacterial reactions have been widely used in biotechnology and environmental engineering. However, yield predictions are often inaccurate for certain simple organic compounds. This work evaluates an existing method and identifies the cause of prediction errors for compounds with low degree of reductance of carbon. For these compounds, carbon, not energy or reducing equivalents, constrains growth. Existing thermodynamically-based models do not account for the potential of carbon-limited growth. The improved method described here consists of four balances: carbon balance, nitrogen balance, electron balance, and energy balance. Two efficiency terms, K1 and K2 are defined and estimated from a priori analysis. The results show that K1 and K2 are nearly the same in value so that only one coefficient, K ¼ 0.41 is used in the modified model. Comparisons with observed yields show that use of the new model and parameters results in significantly improved yield estimation based on inclusion of the carbon balance. The average estimation error is less than 6% for the data set presented.
INTRODUCTION
In order to understand the behavior of microorganisms in the environment, predict the biodegradation of anthropogenic compounds, or develop stoichiometries for biochemical processes, a critical parameter is the bacterial yield, representing the amount of biomass that can be formed for a unit of substrate consumed. Prediction of bacterial yield has been the focus of numerous studies (Heijnen and Roels, 1981; McCarty, 1965; Roels, 1980; Roels, 1983) . The method of McCarty (McCarty, 1965 , 1969 , 1971 , 1972a ,b, 1975 Rittmann and McCarty, 2001 ) has been widely used in environmental engineering (see for example: Alvarez et al., 1994; Arcangeli and Arvin, 1999; Beller et al., 1996; Burland and Edwards, 1999; Corseuil and Weber, 1994; Edwards and Grbic-Galic, 1994; Hayes et al., 1998; Hooker et al., 1994; Muller et al., 2003; Noguera et al., 1988; Nowak et al., 1999; Schill et al., 1999; Woo and Rittmann, 2000; Zitomer, 1998) . This method was expanded by VanBriesen and Rittmann (2000) to predict step-wise yields for multi-step biodegradation reactions. VanBriesen (2001) and Yuan and VanBriesen (2002) provided additional modifications by considering oxygenase reactions. These modifications improved estimates of bacterial yield on specific anthropogenic compounds, such as chelating agents (e.g., EDTA, NTA). VanBriesen (2002) further compared the method with the dissipation energy based method of Heijnen et al. (1992) , and found the methods to be mathematically consistent and to have similar prediction errors. However, despite the increasing complexity added to the model to improve predictions in systems with complex organic substrates, this model continued to show poor predictive ability for some simple substrates. For example, the estimated yield on glyoxylate, an intermediate formed during the biodegradation of EDTA and NTA, was over predicted with an error of þ88% (Yuan, 2004) .
The foundation of the present work is the hypothesis that yield prediction errors in thermodynamic models are due to the assumption that electron and energy balance are sufficient to constrain growth predictions. This work demonstrates explicit inclusion of carbon balance enables thermodynamic yield prediction models to account for the potential for carbon-limited growth, thus improving yield prediction for compounds containing highly reduced carbon. Based on the requirements for ''black box'' yield prediction models suggested by Heijnen et al. (1992) , an expanded thermodynamic yield prediction methodology following on the seminal work of McCarty (1965 McCarty ( , 1972b ) is presented. schematic figures in this paper, a solid line (---) is used to represent mass flow, dashed line ( ----) to represent electron flow and a dotted dashed line ( -Á -Á ) to represent energy flow. The original formulation described a fraction of electrons ( f e 0 ) from the electron donor (ED) substrate that is transferred to the electron acceptor (EA) substrate for energy generation and a fraction of electrons ( f S 0 ) from the electron donor substrate that is utilized by the microorganisms for cell synthesis as shown at the top of Figure 1 . Carbon balance was not explicitly considered in the model. However, when the electron donor and carbon source are the same compound, electrons and carbon were assumed to move in tandem with carbon dioxide produced in the energy generating reaction (representing carbon in its most oxidized form and thus having no additional energy value) and cell carbon produced in the anabolic reaction.
Energy is produced from the flow of electrons from donor to acceptor (bottom left of Fig. 1 ). The assumed efficiency of capture of the energy available from the ED/EA couple is termed K, where K is considered in the range of 0.2-0.8 (McCarty, 1969) . Evaluation of experimental yield data suggested a best fit K of 0.2-0.3 for aerobic heterotrophs and 0.4-0.7 for anaerobic heterotrophs (McCarty, 1971; VanBriesen, 2002) . But K is often assumed to take the value of 0.6 as this has been predictive of yields in wastewater treatment applications (Rittmann and McCarty, 2001) . The captured energy is used in the process of cell synthesis from substrate to cell through a theoretical intermediate, pyruvate (bottom right of Fig. 1 ).
The coupling of electron and energy balances follows from the concept that organisms maximize yield by balancing the flow of electrons between anabolic and catabolic processes. The electron balance requires that the electrons stored in the carbon of the formed biomass and the electrons shuttled to the electron-donor substrate for energy generation must sum to the electrons originally available from the electron-donor substrate ðf 0 e þ f 0 s ¼ 1Þ. Energy balance requires that the energy generated by the electron donor-electron acceptor reaction is equal to the energy utilized in cell synthesis plus the energy dissipated as heat. When the efficiency of energy capture is termed K, the energy balance can be expressed as Kð f 0 e DG eR Þ ¼ f 0 s DG e-s . The released energy, DG eR , is the sum of the energy released from the oxidation half reaction of ED (R ED ) and the reduction half reaction of EA (R EA ) in kJ per electron equivalent. The energy consumed during cell synthesis (DG e-s ) is calculated as the sum of the energy consumed to transform the carbon source to pyruvate, DG p , the energy consumed to transform the nitrogen source to NH 4 þ , DG n , and the energy consumed to transform common cell intermediates (assumed to be at the energy level of pyruvate and ammonia) to cell biomass, DG e-cell . It is also calculated in units of kJ per electron equivalent. This is represented as DG e-s ¼
Finally, the bacterial theoretical maximum or true yield in units of electron fraction, f S 0 , can be estimated by solving the electron balance and the energy balance simultaneously. Once the fraction of electrons from the electron donor that can be sent to synthesis is known, the maximum yield in carbon mole unit, Y m , is defined since the electrons going to cell synthesis and the reductance degree of carbon in the biomass are known. It can be calculated from the ratio of electrons flowing to synthesis ( f 0 s Â g s ) to the reductance degree of carbon in cells (g X ). Here, the reductance degree refers to the ability to donate electrons when a certain element is oxidized to its highest valence. For example, the reductance degree of carbon in methane (with valence of À4) is 8 and the reductance degree of carbon in carbon dioxide (with valence of þ4) is zero. Thus, the maximum bacterial yield (Y m ) in the unit of mole-C cells/mol-C substrate is
Problems with Thermodynamic Yield Predictions
Although the original thermodynamic model worked well for many systems, it was not predictive for all cases. Compounds that were highly reduced (e.g., CH 4 , g s ¼ 8) or highly oxidized (e.g., glyoxylate, g s ¼ 2) often showed significant prediction errors. (VanBriesen, 2001 (VanBriesen, , 2002 Initially, researchers proposed electrons or energy that was not accounted for in the model as reasons for the poor predictive ability the model showed in certain systems. For example, Woo and Rittmann (2000) initially identified the oxygenasecatalyzed reactions in polycyclic aromatic hydrocarbons (PAHs) biodegradation as an additional sink for electrons that should be considered in the model. VanBriesen (2001) and Yuan and VanBriesen (2002) expanded on this concept and modified the electron and the energy balances to account for the investments necessary to perform oxygenase reactions. VanBriesen (2001) further hypothesized that the efficiency of energy capture might not be constant but might depend upon the type of organism or its environment. Extensive testing of the original model and the modifications was (and is) hampered by the variability in experimental conditions for yield measurements reported in the literature. The modifications to the model improved predictions for some specific compounds, and poor predictive ability in some cases could challenge experimental results rather than invalidating the model. However, the poor predictive ability the model showed for some simple substrates where the biotransformation pathways involved no specialized enzymes and the experimental yields were well verified was still unexplained.
Considering Carbon Balance
The original thermodynamic model does not specifically track carbon flow through a mass balance but rather considers that carbon balance will follow electron balance since the ED substrate is often the carbon-source (CS) substrate. Our re-analysis of the structure of the original model indicates that this assumption directly affects the model's predictive ability and leads to considerable estimation error for some substrates. For example, we consider the case of methanotrophs, organisms that utilize methane as electron donor and carbon source and utilize oxygen as a terminal electron acceptor. Many researchers have evaluated this system and the observed yield for this type of growth is 0.55 C-mole cells/ C-mole substrate. (Linton and Stephenson, 1978; Heijnen and Roels, 1981) However, yield prediction with the classic thermodynamic model indicates a yield of 1.07 C-mole cells/C-mole substrate when the energy capture efficiency is assumed to be 0.6. VanBriesen (2001) utilizes a modification that accounts for the diversion of electrons and energy for the initial oxygenation step and suggests an energy efficiency of 0.4 is more likely for this aerobic heterotroph. These two changes improve the yield prediction significantly. However, the fact that the initial implementation of the model resulted in a carbon-based yield above 1 was suggestive of a problem with a constraint in the model formation. While accounting for energy and electron diversion in oxygenase reactions and adjusting the assumed energy efficiency to 0.4 improves the predictive ability of the original model, the fact that at high assumed energy efficiency the model would predict more than 1 mole of carbon to cells from each mole in the original carbon source substrate suggests that the model is unconstrained on carbon balance. Utilizing the original unamended prediction of yield (1.07 C-mole/ C-mole) will result in writing a balanced stoichiometry that implies the organisms are fixing inorganic carbon in addition to utilizing carbon from methane for cell growth. This is extremely unlikely.
Considering Carbon and Electron Flow
The available electrons from an organic electron donor depend upon the valence change of the carbon from that compound to its degradation products. For example, when organisms use glyoxylate as a carbon-source electron-donor substrate, electrons must flow to the electron acceptor for energy generation but also to anabolic processes in order to take the carbon from a degree of reductance of 2 (in glyoxylate) to 4.2 for biomass. These electrons must be diverted from the catabolic pathway, reducing the fraction of electrons available for energy generation ( f e 0 ) and increasing the fraction of electrons to synthesis ( f S 0 ). This upsets the balance assumed in the original thermodynamic model. The allocation of electrons from electron donor to the two uses is not controlled solely by energy capture efficiency and the relative energies of the catabolic and anabolic processes. In addition, considering a highly reduced substrate such as methane, which contains more reducing equivalents per carbon than are needed for carbon incorporation into cells, only Y m Â g X mole electrons will go into cell mass with the carbon if Y m fraction of the available carbon is incorporated into biomass. The other electrons are shuttled to the electron acceptor and generate energy even if this energy cannot be used by the organisms. The relationship between electron flow and carbon flow is shown schematically in Figure 3 . Carbon flow is represented as solid lines and electron flow is represented as dashed lines. For a highly reduced substrate like methane (on the left), electron and carbon flow are uncoupled with excess electrons shuttled to the electron acceptor. For a highly oxidized substrate like glyoxylate (on the right), electron and carbon flow are uncoupled with electrons diverted from energy generation into synthesis reactions. For microorganisms, the catabolic processes and the anabolic processes achieve a balance based on the supply and demand of energy, reducing equivalents, and macronutrients (C and N predominately). The observed true biomass yield on a given substrate is the result of this balance. So carbon flow and electron flow during substrate degradation are two separate processes even when the carbon source and electron donor are the same substrate. Moreover, when carbon is the only electron donor in a heterotrophic system, carbon flow can control the flow of electrons to catabolic and anabolic processes, effectively bypassing the electron and energy balance structure of the original thermodynamic model. Thus, incorporation of a carbon balance in the thermodynamic yield prediction model is critical.
Evaluating the Effect of Carbon Source Degree of Reductance on Yield Prediction
As shown in Figure 3 , the degree of reductance of the carbon source affects whether excess electrons are sent to the electron acceptor and energy dissipation increases or whether additional electrons are needed in synthesis thus reducing those available for energy generation. Since the original model estimates bacterial yield directly from the coupled energy and electron balance without consideration of the effect of carbon reductance degree on yield prediction, we expect yield predictions would be more accurate when the two flows are nearly balanced. This occurs when the degree of reductance of the substrate is the same as the biomass to be formed. In that case, no shifting of electrons from the paths dictated by energy and electron balance is needed. Since the carbon unit yield, Y m , is related to the electron unit yield,
, we see that the two yield values, although in different units, will have the same numerical value
When the reductance degree of substrate is far from g X , the difference between the electron fraction and the carbon fraction can create serious problems in predicted yields. Here, g X is assumed to be 4.2 according to the assumed formula for biomass of CH 2 O 0.6 N 0.2 (VanBriesen and Rittmann, 2000) . Thus, the original yield prediction model utilizing only electron and energy balance is expected to show larger estimation errors for substrates with much higher or lower reductance degree than 4.2. In order to verify this supposition, substrates for which the bacterial yields have been measured experimentally were considered. Because oxygenase reactions are known to affect yield (VanBriesen, 2001; Yuan and VanBriesen, 2002) only degradation processes without these reactions are considered. The experimental yield and the estimated yield following the original thermodynamic model for 20 substrates are listed in Table I ; predictions with the commonly used K ¼ 0.6 and predictions with K ¼ 0.41 are shown. The relationship between the estimation error and g s is shown in Figure 4 . From Figure 4 , we can see the tendency of the estimation error clearly: the estimation error decreases with the increase of g s when g s is less than 4.2 and the error increases with the increase of g s when g s is greater than 4.2. The model is most accurate for prediction when g s is close to 4.2, regardless of the assumed energy efficiency. Thus, as expected from the analysis of the use of carbon fraction and electron fraction in the original model, higher errors are seen when substrates are more or less reduced than cells.
The cause of the yield prediction error discussed above is clearly related to the assumption that carbon flow will follow electron flow. While this simplified the original model formulation and was generally acceptable when working with carbon sources that were at the typical oxidation state of zero (g ¼ 4), for substrates that are highly reduced or highly oxidized, the assumption was not valid. For heterotrophs electrons (or reducing equivalents) are carried into the system with the carbon and the carbon flow can control the transfer of those electrons into catabolic and anabolic processes.
Considering Nitrogen Source
Organisms also require nitrogen sources, and bacterial yield varies with the redox state of the available nitrogen source with higher yields seen for growth on nitrogen as ammonia and reduced yields seen for growth on more oxidized forms. Different N-sources affect not only the energy balance but also the electron flow because they are electron sinks and have different requirements for electrons during the reduction of nitrogen. Often, the nitrogen source is NH 4 þ where N has the valence of -3 and reductance degree of 8. No electron inputs are needed to this N-source as it is already at the valence state of cell nitrogen. But when bacteria use NO 3 À or other nitrogen source to incorporate into new biomass, electrons are invested for the reduction of this nitrogen. For example, when nitrate (NO 3 À ) acts as N-source, 8 electrons are needed to change 1 mol N from N(þ5) to N(À3). Therefore, when the nitrogen source is not ammonia, electron flow to the terminal electron acceptor is reduced. Also, electron transfers to the nitrogen source may release or consume energy and this must be considered in the overall energy balance. The original thermodyanamic model had only two flows for electrons À to the EA or to cell synthesis. In order to Figure 3 . The relationship between carbon flow and electron flow for heterotrophs. Carbon flow is shown as a solid line and electron flow is shown as a dashed line. For highly reduced substrate like methane, electrons will divert from the carbon incorporated into new cell; but for highly oxidized substrate like glyoxylate, extra electrons have to be invested for reducing the carbon from lower reductance degree to the reductance degree of cell carbon. maintain this framework, the original model included some adjustments to deal with nitrogen sources other than ammonia. Since electron flow to oxygen as EA was already including, Reaction (1) below was proposed to account for electrons diverted from oxygen as EA to the nitrogen source.
Reaction (1) is energy consuming so the energy required for this reaction was added into the DG e-s as DG n . Later, Rittmann and McCarty (2001) deleted DG n from DG e-s and considered DG c-cell to be different for different nitrogen sources. These methods are fundamentally equivalent and consistent in the calculation of electron balance. Unfortunately, in the calculation of energy balance, mixing the nitrogen flow and electron flow has similar problems as described above for carbon flow. f 0 s DG n K is considered the total energy investment for NS reduction in the original model. However, the unit of DG n is kJ/e À eq where the e À eq points to the electrons that flow to NS directly. But f S 0 is the electron fraction flowing into the carbon of CS that is incorporated into new biomass. For example, when Y m mol-C new cell is formed, f So it is necessary to treat the nitrogen source as a potential ED or EA independently. And when nitrogen plays several roles in the system, for example, N is electron donor and nitrogen source, a nitrogen balance is also needed. This will be discussed in the model formulation below.
REFORMULATED THERMODYNAMIC TRUE YIELD PREDICTION MODEL
The modifications to the original thermodynamic model suggested here are (1) the addition of carbon balance, (2) the addition of nitrogen balance, and (3) the reformulation of Table I . Estimated yields using the original model (pH is assumed as 7). electron and energy balances to accommodate the coupled nature of the four critical balances in the system. Further, the important efficiency parameters of the model are re-set in terms of theoretical constructs and estimates of their values are presented.
Carbon Balance
The carbon balance is shown schematically in Figure 5 . The amount of carbon in the carbon source should be equal to the sum of carbon in the end-products of carbon source utilization. There can be any number of carbon products in addition to the carbon used for synthesis. Acetate is used as the theoretical intermediate for synthesis instead of pyruvate in the original model since more yield data on acetate are available to estimate the energy utilization coefficient (see below). Moreover, the reductance degree of acetate, 4, is very near with that of cell, 4.2, while pyruvate has a reductance degree of 3.33. The carbon balance is expressed as (Eq. 2).
Where, f CS (i) is the fraction of carbon from the carbon source that is transformed into product, i, in C-mol product/ C-mol carbon source, and in order to keep consistent in symbols, here we use f c to represent the fraction of carbon incorporated in new biomass, C-mol cell/C-mol carbon source, where f c is equivalent to the maximum yield, Y m in the unit of mol-C cell/mol-C CS.
Nitrogen Balance
The nitrogen balance (shown schematically in Fig. 6 ) is formulated such that the nitrogen in the original substrates equals the nitrogen found in all nitrogen-containing products. Often, the nitrogen balance does not affect yield prediction. For example, when bacteria use NH 3 as nitrogen source, the nitrogen balance can be expressed as N in NH 3 , which is incorporated into cell equal to N in cell, which equals 0:2 Â Y m mol N/mol-C substrate for the assumed formula of cell biomass CH 2 O 0.6 N 0.2 . Because the premise of this model is that energy (and not other growth elements such as N, P) is the limiting factor for bacterial growth, the existence of NH 3 does not alter the carbon balance, electron flow or energy balance. Thus, when NH 3 is the nitrogen source the nitrogen balance can be neglected in cell yield prediction and the nitrogen source merely used to formulate the overall stoichiometry following Rittmann and McCarty (2001) . But when the complexity of the biological system increases, a nitrogen balance is critical. For example, when NH 3 is used as electron donor as well as nitrogen source and it has several oxidized products (e.g., NO 2 À , NO 3 À ), the nitrogen balance (shown in Eq. 3) must be considered.
Electron Balance
The electron balance is shown schematically in Figure 7 . After oxidation of the electron-donor substrate, the available electrons have been transferred to different products with different remaining reducing equivalents. We define f ED (i) as the fraction of the electron donor that is oxidized into corresponding products (i). The total available electrons that the electron donor can provide equals P i f ED ðiÞÂ ðg ED À gðiÞÞ where g ED and g(i) are the reductance degrees of the electron donor and its oxidized product (i). If there is more than one electron donor oxidized, the total available electrons are the sum of the electrons provided by each electron donor.
For the general case with potentially more than one electron acceptor, each EA(j), can be reduced by a different number of electrons g(j). This number g(j) is the number of the electron equivalents released from the electron donor that are sent to the electron acceptor, j. The total electrons that the electron donor(s) donate must be equal to the total electrons that the electron acceptor(s) accept. So the electron balance is Where, f ED (i) is the fraction of electron donor to the oxidized product (i); g s is the reductance degree of the electron donor; g(i) is the reductance degree of the oxidized product of the electron donor; and g(j) is the number of electron equivalents released from electron donors and sent to the electron acceptor, EA(j) in unit of electron equivalent.
Energy Balance
Energy is always released or consumed with each step of catabolism and anabolism. For reactions releasing energy, part of the released energy is stored in ATP by the cell. The energy stored in this ATP is used for reactions requiring energy input. During energy utilization, the efficiency terms are introduced: the efficiency associated with capture of energy from the substrate and storage in ATP is defined as K1;
the efficiency of energy transfer from ATP to cell synthesis reactions is defined as K2. Both K1 and K2 are assumed to be constant for most organisms. From the definition of K1, the amount of ATP produced during catabolism is estimated as P Figure 5 (far right) shows these two energy values, and how they relate to the carbon balance. Here, DG CS is the Gibbs energy change from CS to CO 2 in kJ/ mol-C; the value E syn ð2Þ is equivalent to f c DG cell , where DG cell is the energy associated with formation of one mol-C of cells based on acetate and ammonia; And the efficiency, K(i) is equal to K2
À1 if E syn ðiÞ is positive (energy consumed), otherwise, equal to K1.
DG cell cannot be calculated a priori from thermodynamics; however, several estimated values and estimation methods have been suggested (Baas-Becking and Parks, 1927; McCarty, 1965; Roels, 1980; Senez, 1962) . Here, we follow the estimation method of McCarty (1965) .
Where, DG ATP is the energy released from ATP hydrolysis, DG ATP ¼ 30:53 kJ=mol ATP (Burton, 1958) ; MW cell is the molecular weight of cell mass, MW cell ¼ 26:4 g=mol À C based on the formula of CH 2 O 0.6 N 0.2 ; Y ATP is the bacteria yield per ATP, Y ATP ¼ 10:5 g dry weight/mol ATP according to the experimental results of Bauchop (Bauchop, 1958; Bauchop and Elsden, 1960) ; and 0.9 is the assumed percentage of organic material in cell dry weight (Rittmann and McCarty, 2001 ). With the above calculations completed, one final assumption is needed to create the energy balance. It is assumed that bacteria maximize their growth by optimizing the electron and carbon flow in the system to achieve the most energy production for cell synthesis. Thus, the ATP level in the cell is assumed to remain constant; all ATP synthesize from catabolism is used in anabolism. The energy balance can be expressed as:
KðiÞ Â E syn ðiÞ
Given the definitions of E p and E syn discussed above, the energy balance is reformulated using notation consistent with the other balances as:
KðiÞ Â E syn ðiÞ ¼ 0
Where, DG(i) is the Gibbs energy change during the reaction (i) shown in Figures 5-7 except the two steps of anabolism; f c is the bacteria yield in C-mole cell/C-mole carbon source. DG(i) is calculated from standard half reactions. For example, when oxygen gains g(1) equivalent of electrons, the energy released should be equal to gð1ÞÂ DG eO 2 , where DG eO 2 is the Gibbs energy change of
2 H 2 Oin kJ/e-equivalent. And, when f1 mol-C substrate goes into methane, the energy released is equal to f 1 Â ðDG substrate À DG methane Þ, where DG is calculated based on the half reaction from organic compound to carbon dioxide in the unit of kJ/mol-C. And in this paper, we standardize the proportions of H 2 CO 3 , HCO 3 À , and CO 3 2À according to pH during writing the half reaction of organics' oxidation. See Equation (8) below.
(Note: a1 ¼ 1=ð
þ 1Þ and a3 ¼ 1 À a1 À a2, where, k a1 and k a2 are the ionization constants of carbonic acid and reported as 10 À6.35 and 10 À10.33 , respectively (Benjamin, 2002) ; [H] is the concentration of H þ ).
RESULTS AND DISCUSSION

Estimation of Energy Capture Efficiency Terms
In the original model, the energy capture efficiency coefficients were not estimated a priori based on their definitions but rather by comparing theoretical maximum yields computed at a specific standard state to observed experimental yields (McCarty, 1969) . Obviously, problems with other model assumptions discussed above call into question the original estimation of K. Results presented by McCarty indicate K in the range from 0.2 to 0.8 with the lower value associated with aerobic heterotrophs and higher value associated with anaerobic heterotrophs. Considering this wide range, assuming a constant value for K does not seem justified. Therefore, the energy capture coefficients are reestimated in the following according to their definitions without fitting experimental yield data directly. K1 is the energy-utilizing coefficient for bacteria capturing the energy released during substrate degradation and storing this energy in ATP. It is the percent of the energy released in the redox reaction between ED and EA that can be captured by cells and stored in ATP. Usually, the medial products of the substrates' degradation are transported into the citric acid cycle (TCA). During the TCA, the carbon chain is degraded and the electrons stored in it are released to electron carriers like NAD þ and FAD þ . The formed NADH or FADH continues to pass the electrons to other electron carriers and finally to the terminal EA. Therefore, it is sure all the energy released form the degradation of compounds in TCA cycle is available for forming ATP. To estimate K1, the energy associated with transformations of compounds in the TCA cycle is used. See Table II . For compounds in the TCA cycle, the number of ATPs generated and the theoretical energy available through oxidation with oxygen as the terminal electron acceptor are known (Bender, 2002) . And K1 is calculated as the ratio of energy stored in ATP over the energy released from degradations. The mean of K1 is 0.393 and the 95% confidence interval is AE0.007 that is only 2% of 0.393. However, during fermentation, ATP is always formed through substrate level. For example, glucose is cleaved into two lactic acids through lactic fermentation. Where, K1 is a little higher, around 0.5. But considering most ATP is produced through hydrogen gradient driven, not substrate level phyosphorylation, K1 can be considered constant (0.393) at least in aerobic system. Assuming acetate as the starting media for cell synthesis, K2 is defined as the energy utilizing coefficient of using ATP for synthesizing cells from acetate. Bacterial true yields on acetate have been widely reported; some are listed in Table III . Different species show slightly different yields. And 1 mole of acetate produces 11 mol ATP after complete oxidation (Bender, 2002) , that is, 5.5 mol ATP is produced per C-mole in acetate oxidation. So when 1 mol-C acetate is degraded as primary substrate, 1 À Y m mol-C acetate is oxidized completely and Y m mol-C is synthesized into new cell. During these processes, 5:5 Â ð1 À Y m Þ can be produced and only K2 Â 5:5 Â ð1 À Y m Þ mol ATP can be used for synthesizing new cell from acetate. Moreover, Y m ÂMW cell Y ATP Â0:9 mol ATP is needed for synthesizing Y m mol-C new cell. So, K2 can be computed by Equation (9). See Table III , K2 is 0.414AE0.064 with 95% confidence level.
The estimations of K1 and K2 are very close in value so that the round average, K ¼ 0.41 will be used in the expanded thermodynamic yield prediction model to represent both K1 and K2.
Complete Model Prediction
With the carbon balance, nitrogen balance, electron balance, and energy balance formulated, the system is fully specified. By solving the four equations simultaneously, the estimated true yield of bacteria, f c (equivalent to Y m in the original model) can be computed in carbon mole unit. These four equations are summarized in Table IV . With the energy capture coefficient estimated, the new expanded thermodynamic model can be applied. Given the variability in values of K and the inherent variability of observed yields, we hypothesize the model will provide yield estimates with errors within AE15%. Here, a set of yields for aerobic bacteria are used as examples to demonstrate the new model and compare its results with the original model. Table V lists the reported and estimated yields on the substrates used in Table I . The average error of the new model for this data set is þ6.0%. Figure 8 shows the direct comparison of the estimation errors for the original model. Although the average estimation error of the expanded model is almost the same as that of the original model with K 0.41 for the data set presented, the regression line of the estimation error of the expanded model versus that of the original model has a slope of 0.66 which is less than 1 (shown as the reference line in Fig. 8 ). It represents estimation error associated with the new model are closer to 0 and its estimates are closer to the reported experimental yields than the original model.
The improvement is due to the incorporation of carbon balance only because the same K value and the same Gibbs energy information are used for both models. In order to show the impact of carbon balance further, a one tail t-test was done on the absolute estimation errors associated with original model and expanded model. Because oxygenase reactions are common during the degradation of organic compounds with reductance degree higher than g X , the statistical analysis is only done on the substrates with g s 4. The data are summarized in Table VI . The null hypothesis, H0, is that the mean of absolute error of the expanded model ðm1Þ is equal to that of the original model ðm2Þ. The alternative hypothesis is that m1 < m2, which would imply the expanded model has improved prediction ability. The analysis (t<Àt crit ) rejects the null hypothesis with 95% confidence (a ¼ 0.05), and verifies the incorporation of carbon balance does improve the prediction ability. Moreover, we hypothesized that carbon is more unbalanced when g s is farther from g X . The carbon difference can be calculated as f
based on comparing how carbon is determined in the original and expanded models. Figure 9 shows the relation between the carbon difference and the estimation error difference between the (Burton, 1958) . K1 ¼ energy stored in ATP/total released energy. The mean of K1 is 0.393 with standard error of 0.003 and its 95% confidence interval is AE0.007). Fig. 9 ). The strong correlation between the carbon difference and estimation error difference supports the need to add a fully coupled carbon balance to the original model formulation.
CONCLUSIONS
Thermodynamic methods to predict true yield and stoichiometry of bacterial reactions allow prediction in the absence of detailed pathway information. Previous models have showed good predictive ability for many compounds, but have failed Table V . Estimated yields using the expanded model (pH 7).
Electron donor and C-source g s to predict accurately the yields of some common easily degraded substrates with well known yield values. In this work we identify a limitation in the thermodynamic yield prediction method related to the assumption of carbon oxidation state. When carbon, not energy or reducing equivalents, constrains growth a more complete model incorporating a fully coupled carbon balance along with electron and energy balances is needed. Use of this model is particularly important when the carbon source compound has a degree of reductance far from that of the cell biomass to be formed. Under these circumstances this expanded thermodynamic model shows improved predictive ability. 
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